INTRODUCTION
Perfluoroalkyl acids (PFAAs) are man-made compounds used during the manufacture of fluoropolymers including non-stick cookware and breathable, yet waterproof, fabrics. They can also result from the metabolism of fluorinated telomers, compounds used for food package coatings, carpet treatments and stain-resistant fabric treatment. Perfluorooctanate (PFOA), perfuorooctane
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sulfonate (PFOS), perfluorononanoic acid (PFNA) and perfluorohexane sulfonate (PFHxS) persist in the environment and are found in the blood of humans and many animal species throughout the world. 1 2 Potential sources of exposure to PFAAs in humans include drinking water, dust, breast milk, fish and other foods, food packaging, ambient air, and occupational exposure. [3] [4] [5] [6] In animal models, perfluoroalkyl chemicals can activate peroxisome proliferator-activated receptor α (PPARα), a ligand-activated transcription factor that regulates gene expression, lipid modulation, glucose homeostasis, cell proliferation and inflammation. 7 8 The PPAR receptor has been involved in the ageing process: PPARα null mice showed decreased longevity compared with wild-type mice due to non-neoplastic spontaneous ageing lesions which occurred with a higher incidence and a shorter latency in the PPARα null mice. 9 Also, PPARγ variants were reported to be associated with longevity in humans with low-insulin resistance. 10 11 Activation of the PPARγ receptor in vitro and in vivo also prevents the expression of inflammatory cytokines and other inflammatory mediators in brains of Alzheimer's disease animal models. 12 13 In addition, PPARγ agonists have been demonstrated to suppress the Aβ-mediated activation of microglia in vitro and prevent cortical or hippocampal neuronal cell death. [14] [15] [16] PPARγ is also deeply involved in diabetes, given its ability to orchestrate the expression of genes involved in lipid metabolism, adipogenesis and inflammation. It is activated by endogenous ligands (such as fatty acids and prostaglandins) or drugs such as thiazolidinedione. It is most highly expressed in adipocytes where it acts as the master regulator of adipogenesis via induction of adipogenic genes. 17 However, a study in vitro showed that PFOA and PFOS activate differentially PPARα and PPARγ receptors, but it is not possible to directly extrapolate these results to toxicity studies in vivo. 18 Therefore, in line with what was recently observed by Power et al, 19 we hypothesised that increased exposure to PFAA could be associated with a better cognitive function.
The positive association between diabetes and cognitive impairment is well established 20 ; some studies investigating the association between PFOA exposure and diabetes suggested the presence of an inverse association: a negative trend in diabetes occurrence by increasing serum PFOA deciles was found in a casecontrol study nested in a previous study based on the population investigated here, 21 22 but not in others. 23 24 From 1950 to 2005, a chemical plant in the Mid-Ohio Valley, West Virginia was responsible for emitting PFOA into the surrounding environment. In 2001, a group of residents from the nearby West Virginia and Ohio communities filed a class action lawsuit alleging health damage from drinking water supplies drawing on PFOA-contaminated groundwater. 25 Part of the pretrial settlement of the class action lawsuit included a baseline survey, the C8 Health Project, conducted in [2005] [2006] , that gathered data from over 69 000 people from six contaminated water districts surrounding the plant. 25 In the present population, PFOA concentrations ranged from US background levels to very high; overall, the PFOA levels are much higher in this population (geometric mean 42.6 ng/ml, 95% CI 41.8 to 43.3) than in the corresponding US population surveys (NHANES in same year mean 3.95 ng/ml, 95% CI 3.65 to 4.27). 1 25 The mean PFOS (geometric mean 22.4 The present study uses these data to examine the cross-sectional association between serum PFOA, PFOS, PFNA and PFHxS concentrations with self-reported memory impairment in adults, and its potential interaction with diabetes status. Details of the study enrolment process, including consenting procedures, have been described elsewhere. 25 The C8 Health Project collected data on 69 030 people. The participation rate for the C8 Health Project, based on US census counts of residents in the affected water districts during Project enrolment, has been estimated at around 80%. 25 In this population, the strongest predictor of PFOA serum concentration was residence in one of the contaminated water districts 26 ; the serum levels of other PFAAs do not show such geographic variation. Of the population, 21 724 older adults (aged ≥50 years) were considered for this analysis, and a total of 21 024 (96.8%) were included in the final analysis after exclusion of participants with missing data on ethnicity, education level, socioeconomic status, cigarette smoking or body mass index (BMI) measurements.
METHODS

Study population
Memory impairment definition
During the survey (2005) (2006) , all participants were asked if they 'had experienced short-term memory loss', the possible answers being 'frequently', 'sometimes', 'rarely' and 'never'. The principle analyses assessed memory impairment defined as reporting short-term memory loss frequently or sometimes, compared with rarely and never. Memory impairment ever was also considered, defined as reporting any memory loss and compared with the never category.
Laboratory analysis
Blood samples were obtained and processed at individual data collection sites. Samples were drawn into four tubes/participant, with a maximum 35 ml. Tubes were spun, aliquoted and refrigerated until shipping. Samples were shipped on dry ice daily from each data collection site to the laboratory daily. 25 Participants were not asked to fast before blood sample withdrawal, but fasting status was recorded.
Laboratory analysis of PFAAs used an automated solidphase extraction combined with reverse-phase highperformance liquid chromatography. 27 Analyses were conducted by the Exygen Research Inc, State College, Pennsylvania, USA; an intralaboratory quality assurance programme was carried out by analysis of duplicate samples at AXYS Analytical Service Ltd, Sidney, British Columbia, Canada. 25 The intralaboratory coefficient of variation for all PFAAs measurements was 0.1; the interlaboratory comparison coefficient of variation was 0.2 for PFOA and PFNA, 0.1 for PFOS and not applicable for PFHxA as all in the second lab measurement values were below the level of detection. 25 The detection limit for all PFAAS was 0.5 ng/ml and observations below this limit were assigned a value of 0.25 ng/ml (n=16, n=101, 532 and 387 for PFOA, PFOS, PFNA and PFHxS, respectively, for this study population). All PFAAs concentration distributions were skewed to the right. Methods and results are reported according to the STROBE-ME recommendations. 28 
Statistical analysis
Associations between exposure (serum concentrations of PFOA, PFOS, PFNA and PFHxS) and memory impairment were studied using logistic regression. Minimally adjusted models included age, in 1-year age-band, race (white, black and others), gender and educational level (highschool diploma or general educational development, some college, bachelor's degree or higher; model 1). Further adjusted models additionally included average household income (≤$10 000, $10 001-20 000, $20 001-30 000, $30 001-40 000, $40 001-50 000, $50 001-60 000, $60 001-70 000, >$70 000), physical activity, alcohol consumption (none, <1 drink/month, <1 drink/week, few drinks/week, >1 drink/day) and cigarette smoking (never smoker, former smoker, current smoker <10 cigarettes/ day, current smoker 10-19 cigarettes/day, current smoker ≥20 cigarettes/day; model 2). Fully adjusted models also included BMI (underweight/normal weight; overweight and obese class I, II and III) and diabetes (model 3). PFAA concentrations were log-transformed to reduce skewness. For each model, the association between PFAAs and self-reported memory impairment was calculated for a doubling in PFAA concentration in a model with PFAA entered as a continuous covariate, for quintile groups of the PFAA distribution and by ordinal regression analysis with the outcome variable comprising the four original levels of self-reported frequency of episodes of memory loss, again in relation to a doubling of PFAAs. To explore the possible differential effects of PFAA in subgroups, analyses were further stratified by diabetes status and, among patients with diabetes, by type of medications.
The following four sensitivity analyses were carried out: first, one analysis restricting the sample to 7097 participants aged 65 years and older. Second, an analysis conducted on the entire sample, but using as outcome definition those reporting any memory loss (frequently, sometimes and rarely). Our final sensitivity analysis utilises the geographical clustering of PFOA exposure by water districts which allowed use to decompose the overall estimate of association of PFOA with memory impairment within and between water district components, by including as explanatory variables both water district mean logged PFOA serum concentration and the deviations of individual values from their district mean. 29 These two associations are subject to different potential biases, thus helping interpretation.
Role of funding
Funding for this work, the 'C8 Science Panel Community Study at London School of Hygiene and Tropical Medicine-LSHTM', comes from the C8 Class Action Settlement Agreement (Circuit Court of Wood County, West Virginia, USA) between DuPont and the plaintiffs, which resulted from releases of PFOA (or C8) into drinking water. It is one of the C8 Science Panel Studies undertaken by the Court-approved C8 Science Panel established under the same Settlement Agreement. The task of the C8 Science Panel, of which Tony Fletcher is a member, is to undertake research in the Mid-Ohio Valley, and subsequently evaluate the results along with other available information to determine if there are any probable links between PFOA and disease. Funds were administered by the Garden City Group (Melville, New York, USA) that reports to the Court. The authors of this manuscript declare that their ability to design, conduct, interpret or publish research was unimpeded by and fully independent of the court and/or settling parties. In addition, they declare no competing financial interests. The LSHTM Ethics Committee approved this study.
RESULTS
A total of 4462 participants (21.2% of the entire population of 21 024 individuals aged 50 years or older) self-reported short-term memory impairment (figure 1): episodes of short-term memory loss were reported frequently by 1115 participants (5.3%); sometimes by 3347 (15.9%); rarely by 4283 (20.4%) and never by 12 279 (58.4%). Many personal characteristics were associated individually with memory loss, including higher age, lower socioeconomic status, smoking and diagnosis of diabetes (table 1) , though to what extent these reflected independent risk factors was not investigated.
Results from the logistic regression of association between PFAAs and memory impairment are shown in table 2. Results for the minimally, further and fully adjusted models were similar, so we show only the further adjusted results in this table, but results for all models are in the online supplementary table S1. Inverse associations between PFOS and PFOA and memory impairment were highly statistically significant with adjusted OR=0.93 (0.90 to 0.96) for PFOS and OR=0.96 (0.94 to 0.98) for PFOA for doubling PFAA concentrations. Inverse associations of similar magnitude with PFNA and PFHxS but of borderline statistical significance were found: OR=0.96 (0.92 to 1.02) for PFNA and OR=0.97 (0.94 to 1.00) for PFHxS. The analysis by the PFAA quintile groups shows similar patterns.
Inverse associations of PFAAs with memory impairment were weaker or non-existent in patients with diabetes than in patients without diabetes (table 3) , though ORs were imprecise, and the difference by diabetes status was only significant for PFOA ( p value for interaction = 0.014). Analysis further stratified by specific diabetes medication use showed no variation in ORs more than explicable by chance given the number of tests made (see online supplementary table S2).
In the sensitivity analysis on participants older than 65 years, the substantial reduction of the sample size resulted in loss of precision in ORs. However, the points estimates of associations with memory impairment were of comparable magnitude for all PFAAs except PFOA for which the association with memory impairment was close to null (OR=0.99 (0.97 to 1.03); table 4).
The analysis carried out on the entire sample, comparing those with any memory impairment against those with no memory problems, shows slightly weaker associations for each of the PFAAs but precision was reduced (table 4) . Analyses using ordinal regression in place of binary logistic regression yielded similar results to the logistic regressions (tables 2-4) .
The analysis separating the PFOA-memory impairment association within and between water district components found that within water districts there was an inverse association between PFOA and memory impairment, as in the overall association (OR 0.94, 95% CI 0.91 to 0.98, scale and adjustments as before). However, there was no association between geometric mean concentration and memory impairment (OR 1.00, 95% CI 0.97 to 1.03, per doubling in geometric mean PFOA by district).
DISCUSSION
An inverse association between PFAAs serum levels (including PFOS, PFOA, PNA and PFHxS) and selfreported memory impairment has been observed in this large population-based, cross-sectional study. This association is more clearly monotonic with increasing exposure, and more statistically significant for PFOA and PFOS. However, the consistent decrement for all PFAAs suggests a common mechanism.
It is plausible that PFAAs could have an effect on cognitive function via PPAR agonism. Although it is not clear to what extent PFAAs act differentially on the PPAR receptors α and γ, 18 it could be speculated that this association might be mediated by the activation of the PPAR receptor by PFAAs. Activation of the PPARγ receptors has been shown to decrease the secretion of proinflamatory cytokines and possibly increase phagocytosis of Aβ inclusions, probably through the activation of microglia. 30 However, there was a suggestion that this effect of suppression of the activation of microglia was age-dependent or disease stage-dependent, being not significant in patients with advanced Alzheimer's disease. 31 32 PPAR agonist drugs, such as non-steroidal anti-inflammatory drugs and some antidiabetic drugs (ie, thiazolidinedione or pioglitazone), have been proposed as preventive drugs for neurodegenerative conditions, including Alzheimer's dementia. 30 33 In a previous published study, an inverse association between PFAAs and memory impairment was observed specifically among non-medicated patients with diabetes. 19 In the present study, this pattern was not replicated, with the inverse association between PFAAs and cognitive impairment being more evident in those without diabetes; among patients with diabetes, the association was not present, irrespective of treatment status. This finding could be explained by the fact that in patients with diabetes, PPAR receptors are more Figure 1 Prevalence of self-reported short-term memory impairment by age and sex in the study population. phosphorylated with a consequent reduced transcriptional activity, 34 35 and the balance between PPARγ expression and activity levels is altered. 34 36 It is therefore possible-based on the present data-that the PPAR-agonist effect of PFAAs is different in participants with and without PPAR-mediated metabolic changes such as diabetes. Also, it has been reported that PFAAs have a PPAR agonist effect, more prominently PPAR-α 37 ; animal models suggest that PFOA has a stronger agonistic effect than PFOS. 37 Our findings of an inverse association between PFAA and memory impairment among patients without diabetes would therefore be compatible with a possible anti-inflammatory role exerted by PFAA on early symptoms of cognitive impairment.
There is some evidence of detrimental effects of PFAAs in the neurodevelopment of mice affecting the cholinergic system and cognitive function [38] [39] [40] ; thus, the timing of exposure may also be relevant in order for the PFAAs to exert this hypothesised antidementing role. However, these findings should be interpreted cautiously, given the limitations of the study. First, given the cross-sectional nature of the study, reverse causality must be considered: participants suffering from memory impairment could have consumed less of these compounds via water and food sources, though this is not a likely explanation, given the consistency of the association across various PFAAs which have substantially different routes of exposure. Host characteristics such as genotype could be correlated with both some mechanism predisposing these symptoms and variation in the PFAA excretion rates, thus leading to a confounded association with the serum levels. Further, a self-report is not a very accurate method for ascertaining memory impairment, although errors in classification would be expected to be non-differential misclassification, biasing the estimate of association towards the null. The effects of PFAA have been mostly studied in relation to PPARα, 7 while the receptor is mostly implicated in metabolic changes and diabetes and in dementia PPARγ 30 ; however, these two belong to the same receptor family and some degree of cross-activation cannot be excluded, and the knowledge of their pleiotropic effects is currently advancing. 41 Lastly, the classification into different antidiabetic medications is uncertain as these were selfreported and not prompted by interviewers. However, we consider it very unlikely that any misreporting would be confounded with serum PFAAs. This would tend to low specificity and thus bias of the association (if any) towards the null.
On the other hand, the strengths of this study include the fact that all the estimates shown were adjusted for numerous potential confounders, including age in 1-year age bands, making the effect of PFAA on memory impairment not likely to be confounded by lifestyle characteristics. Furthermore, these results are based on a very large population representative of the general population in West Virginia and Ohio 25 ; thus, the estimates are solid; and the 21% prevalence of memory impairment is compatible and consistent with the figures on the prevalence of dementia reported for North America. 42 Individual serum levels reflect the contributions of both the intake and retention/excretion rates. While we have no direct data on either of these components, the large differences in drinking water contamination and associated average population serum levels for PFOA in the six water districts allow an estimate of the effect of exposure. That the association with PFOA was entirely within the water districts, and not present at all between water districts despite the large differences in presence of confounding at either level, but if the association had been consistent at both the individual and district levels, that would have been more convincing evidence of the association being due to PFAAs. The size of the associations observed has both strong and weak aspects. The strong statistical significance suggests that chance is an unlikely explanation. However, the ORs are only modestly different from one, 0.75 at the most extreme, so that biases are a more plausible explanation than they would be with more extreme ratios. In conclusion, these data show an inverse association between PFOA and PFOS exposure and selfreported memory impairment, particularly in patients without diabetes. This can be potentially explained by the preventive anti-inflammatory effect exerted by a PPAR agonist effect of these PFAAs, but confounding or even reverse causation cannot be excluded as an alternative explanation.
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